Tailings may undergo desiccation stress history under varied climatic and depositional parameters.
INTRODUCTION
In the last few decades, more than fifty tailings impoundments have failed due to seismic activity, liquefaction, foundation failure, etc. Many of these failures have been attributed to liquefaction of the high water content tailings or tailings used to construct the retention dykes (ICOLD 2001; James et al. 2011) . Densified Tailings were first introduced by Robinsky (1975 Robinsky ( , 1999 as a way to not only reduce the risk of dam failure but also potentially reduce the cost of the Tailings Storage Facility (TSF) for certain projects by both reducing dam construction and increasing water recycling. In this paper densified tailings are defined as any tailings that are dewatered prior to deposition to the extent that they are non-segregating and exhibit a yield stress, and therefore will form a gentle slope. This could include thickened tailings, paste tailings (which are sufficiently dense to allow pumping in the laminar range), or filter cake tailings (prepared using filters and so dense as to require transport by conveyor belt or truck). The typical minimum solids content (and maximum water content) for hard rock tailings to be classified as thickened paste, and filtered tailings are respectively 65% (w <54%), 68% (w < 47%) and 77%
(w <29%). In this paper, we focus on thickened or paste tailings from hard rock mining. Any general conclusions stated in the paper only applies to those kinds of tailings.
Cycling deposition between a number of spigots facilitates the development of thin lifts, and allows for a fresh layer to densify due to desiccation and/or drainage before burial during subsequent deposition. Cycling deposition has been employed at a number of sites (Cooper and Smith 2011 , Kam et al. 2011 , Shuttleworth et al. 2005 . As discussed in Daliri et al. (2014) and Al-Tarhouni et al. (2011) , a freshly deposited layer experiences a variable stress history (Figure D r a f t 1a). Figure 1b shows an example of measured void ratio -stress data for the tailings used in this study. Such stress history will include initial settling (self-weight consolidation), potentially followed by suction-driven densification due to desiccation and drainage, before being rewetted and subsequently consolidated by burial under new tailings. The time required for desiccation in this step (hereafter called "drying time") has been shown to substantially influence the final strength (Daliri et al. 2014) . Drying time may also play a role in acid rock drainage generation, and possibly the average slope angle as well (Daliri et al. 2011 (Daliri et al. , 2012 Kim et al. 2011; Simms et al. 2007 ). Daliri et al. (2014 Daliri et al. ( , 2011 simulated the effects of desiccation stress history in a small scale by depositing two layers of tailings of thickness of about 10 cm in a cylindrical column with 25 cm diameter. While Daliri et al. (2014) showed how drying time influences strength through stress history in laboratory prepared specimens, for such knowledge to be useful, the drying time itself must be determinable in the context of the large uncertainties existing in field deposition. To this end, Simms and co-workers developed a numerical method to predict drying time in hard rock tailings (Simms et al. 2007; Fisseha et al. 2010) , and subsequently made generic predictions for a range of climatic, material, and deposition (layer thickness) parameters (Simms et al. 2010) , essentially creating charts for assisting design. However, only a limited set of data for deep deposits of thickened tailings were available to validate the method.
To bring greater confidence to the shear strength behaviour measured in laboratory samples (Daliri et al. 2014) , and to provide additional data to validate / improve the method of Simms et al (2010) to predict drying time, a multilayer deposition experiment (1m by 0.7 m in plan D r a f t "Drying box") was constructed in the laboratory. This paper reports the details of the construction of the drying box, and reports selected results used to characterize the dewatering and shear strength behaviour of the deposit.
MATERIALS AND TESTING PROCEDURE

Materials
Tailings used in this study were collected from a gold mine located in Tanzania. The tailings were collected at the end of a spigot, and hence were shipped at the pumping water content (38%) used at the mine. However, due to settling during transport, the water content decreased to around 22-25% and it was required to remix the tailings with the bleed water produced by settling in order to re-produce the tailings with w (gravimetric water content) = 38%. The particle size distribution of tailings was established by the combination of sieve (wet technique) and hydrometer analyses based on ASTM D 422-63 (2002) . Specific gravity, liquid limit, plastic limit and shrinkage limit were determined as 2.89, 22.5%, 20% and 18% respectively, while the D90, D60, D50, D30, and D10 are: 0.12 mm, 0.034 mm, 0.03 mm , 0.012 mm and 0.0015 mm.
The complete particle size distribution is available in (Al-Tarhouni et al. 2011) . Figure 2 shows Soil Water Characteristics Curve (SWCC) of the tailings, derived from axistranslation measurements previously reported in Simms et al. (2007) , and paired measurements of total suction and water content, where total suction is measured using a dewpoint hygrometer and water content by oven drying. Other properties of these tailings are reported in previous work of the authors (Al-Tarhouni et al. 2011) . The tailings generally fall into the range of typical hard rock tailings reported in other studies (Bussiere 2007; Qiu and Sego 2001) .
Drying box characteristics and deposition plan
A modular drying box was designed and built in the civil engineering laboratory at Carleton University to sequentially deposit tailings layers. The intent was to mimic the field deposition and desiccation processes. The Plexiglas box was reinforced by removable steel bars. The box was modular so as to maintain a consistent height from the top of the box to the tailings, to maintain a more or less constant potential evaporation rate. The plan area of the box was 0.7 m × 1 m, with a maximum depth of 1.5 m. The drying box was mounted on load cells to measure water loss and evaporation rate. Four load cells were placed on the floor to carry each corner of the box. Drainage was monitored using a tipping bucket placed underneath a drainage port in the centre of the box. The bottom of the box was lined with a geotextile. 5TE volumetric water content (VWC) sensors from Decagon were used to measure water content and temperature. 5TE
sensors are designed to measure VWC, electrical conductivity and temperature of soil. 5TE
determines VWC of the soil by measuring the dielectric constant of the media using capacitance/frequency domain technology. The sensor uses a 70 MHz frequency, which reduces salinity and textural effects making the 5TE accurate in most soils. The 5TE measures temperature with an onboard thermistor, and electrical conductivity using a stainless steel electrode array. The accuracy of the sensors for measuring VWC after calibration was ±1% -3% (Daliri 2013) . Three 5TE sensors were placed in each layer at different locations (three different heights and three different horizontal locations). UMS T5 tensiometers were used to measure the matric suction. T5 tensiometers are designed to measure pore water pressure from +100 kPa (water pressure) to -95 kPa (suction), though the range may be temporarily extended by proper preparation of reservoir water (Guan and Fredlund 1997 WP4-T uses the chilled-mirror dewpoint technique to measure the water potential of a sample. In fact, the sample is equilibrated with the headspace of a sealed chamber that contains a mirror and a means of detecting condensation on the mirror. At equilibrium, the water potential of the air in the chamber is the same as the water potential of the sample. WP4-T measures water potential from 0 to -60 MPa, with an accuracy of ±0.1 MPa from 0 to -10MPa and ±1% from -10 to -60
MPa. Four TS-30S ultrasonic distance sensors were employed to measure the height of deposited tailings, which was used to estimate the void ratio in the fresh tailings layer. TS-30S ultrasonic distance sensors consist of a rugged transducer in a stainless steel case. The minimum and maximum ranges of the sensor were 10 cm and 427 cm respectively. Accuracy of the sensor is better than 0.5% of the target distance in stable environment. Figure 3 presents a picture and schematic diagram of the drying box and employed sensors. Tailings were prepared in buckets before deposition. Crack geometry was monitored by pictures and by hand, crack widths were measured every 5 cm, and crack depth was estimated as best as possible using ruler or string.
Cracks were assumed to have a triangular cross section, when estimating crack volumes.
Five layers were sequentially deposited, each at an initial GWC of 38%. The first and second layers were targeted to dry to w = 12% and w = 16% respectively. The three top layers were D r a f t 8 targeted to dry to the shrinkage limit (18%). Except for the fourth layer, which had an initial thickness of 14 cm, other layers had a thickness of 18 cm. Two re-saturation processes, between the fourth and fifth depositions, were performed in order to simulate light and heavy rainfalls.
The volumes of water with the rate of 40 mm/day and 500 mm/day were added by spray bottle over the course of 9 and 2 hours.
Sample extraction methods
Two sample extraction methods were used to extract samples from different layers of the drying box. In the first method, three open-ended tubes were placed vertically in the box on top of the previous layer of tailings before deposition of the next layer. Buried tubes were extracted after all layers were deposited. To extract the tubes, the steel parts of the box were detached and the tubes were extracted manually. Each tube provided two or three samples for the simple shear test. To verify that similar stress history occurred for samples inside the tubes, and outside, water contents were measured both inside and outside the tubes (around 18%). In the second method, two thin wall tubes with inner diameter of 69.95 mm and 70 cm depth were pushed into the tailings using a hydraulic jack. As recommended for fine grained soils, a thin, sharp edged tube with the length-diameter ratio of 1.4 and area ratio less than 15% was used ( 
Simple shear test
A simple shear apparatus well-described in recent publications (Al-Tarhouni et al. 2011 , Daliri et al. 2014 ) was used to conduct the strength measurement tests. The apparatus employed in this study was a NGI type simple shear located in the geotechnical research laboratory at Carleton
University. The apparatus consists of a shear load frame, a vertical single acting air piston, a horizontal double acting air piston, a constant speed motor drive, load cells, ElectronicPneumatic Transducer (EPT), and Linear Variable Displacement Transducers (LVDT). In the apparatus, the sample is surrounded and fixed by a steel wire reinforced rubber membrane in order to minimize the lateral deformation. The constant volume condition is obtained during shear loading by keeping the height of the sample constant using a clamping mechanism. The decrease or increase of vertical stress in a constant volume simple shear test is equivalent to the increase (or decrease) of excess pore water pressures in an undrained test (Dyvik et al. 1987) . As noted by Sivathayalan and Ha (2011), the average stress and strain measurements yield a representative response of the material in spite of the non-uniformities that occur in simple shear specimens. Samples were consolidated and sheared in the device, monontonic shearing continued up to 11% shear strain, while the National Research Council (NRC) liquefaction criteria of 3.75% shear strain was adopted for the termination of the cyclic tests. Table 1 and   Table 2 show characteristics of monotonic and cyclic simple shear tests performed on drying box samples. All the cyclic simple shear tests (Table 2) were performed on desiccated/rewetted samples under 100 kPa consolidation pressure.
3.RESULTS
D r a f t
Results of Multilayer deposition in the drying box
Deposition of five layers and two rewetting events were performed over 73 days. Figure 5 presents gravimetric water content (GWC) results of all layers. The average GWC was calculated from the average value of VWC sensors in each layer, and by considering the void ratio estimated from TS-30S senix distance sensors and crack measurements ( Figure 6 shows an example). The surface GWC was obtained by oven-drying grab samples (~ 30 g) taken from the top 1 cm of each layer. The final water content of each layer was targeted to different values in order to examine the effect of desiccation on the dewatering of subsequent layers. The targeted water contents were 12, 16, and 18% for the first, second, and third through fifth layers respectively.
The dewatering behaviour of each layer showed an evolution in time, and had two different phases. The first phase characterized by settling and drainage of the fresh layer was shorter as the volume of previously desiccated tailings increased. The presence of even marginally desiccated underlying tailings increased the rate of settling of the fresh layer. For the fifth layer, following two resaturations, the length of this phase increased, as the tailings were almost completely resaturated prior to deposition of this layer. Quantitatively, it is shown that while the drying time of the phase one of the fifth layer is between 1 ~ 2 days; other layers took less than one hour to pass first phase of dewatering.
The second phase comprises drying from the post-settling water content (30%) or somewhat lower. In contrast to the first phase, the duration/length of the second phase increased as the volume of underlying tailings increased. The variation in dewatering is not due to variations in evaporation, which is quite consistent from layer to layer (Figure 7) . Rather, the increase in D r a f t drying time is due to water transport up from the tailings underlying the fresh layer. This behaviour is very well illustrated in Figure 5 after placement of the second layer, where the water content of that layer sharply rises as water is absorbed from the rapidly dewatering fresh layer.
Subsequently on Day 11, the water content of the bottom layer begins to decrease -by this point no drainage is being reported, so the water is flowing upwards. This is also illustrated by the tensiometer data in Figures 8. Figure 8c shows the change in matric suction in Layers 1 and 2 along with the water content of Layer 1. Upon deposition, matric suctions in layer 1 are much higher than in the fresh layer, but by Day 11, the gradient in matric suction (and effectively in total head due to the small change in elevation, < 20 cm) reverses, showing that water is now flowing from layer 1 to 2. This correlates strongly with the change from increasing to decreasing water content in Layer 1.
Surface grab samples of about 1 cm in depth were analyzed for total suction using the WP4 device. Figure 9 presents total suction results of samples obtained from the surface and at crack edges. Crack edges were particularly interesting as they showed the first visual signs of salt precipitation ( Figure 10 ). Evaporation appears to be locally higher at crack edges but then would be suppressed by salt precipitation. There is a decreasing slope to the total suction increase with each layer. This is correlated with the lower rate of dewatering of each fresh layer, shown in Figure 5 . In other words, total suction values are correlated with the water content of the fresh layer, and dewatering of the fresh layer decreases with increasing number of layers. 
Results of cyclic shear test
Cyclic simple shear tests were performed on samples obtained from different layers of the drying box. All samples were obtained from buried tubes and consolidated to 100 kPa consolidation pressure before the application of 0.1 Hz sinusoidal cyclic load. As noted earlier, a strain criterion (NRC 1985) was used to define the triggering of liquefaction. Constant volume cyclic tests were conducted over a range of CSR value from 0.075 to 0.20. Typical results of an individual test are presented in Figure 13 . The excess pore pressure ratio (r u ) is defined as the ratio between excess pore water pressure and the initial effective vertical stress. The fifth layer dewaters faster than the generic predictions, as the latter are done assuming a substantial depth of tailings (10 m+), which provide greater capacity to supply the fresh layer with water. The modelling results, and the drying box results, illustrate the prominent influence of the underlying tailings on dewatering: Namely, to initially accelerate dewatering of fresh tailings even if the underlying tailings are only marginally desaturated, and thereafter to suppress dewatering as underlying tailings supply water to the fresh tailings once the hydraulic gradient reverses.
Comparison of shear behaviour to previous small scale tests
D r a f t Daliri et al. (2014 Daliri et al. ( , 2011 simulated the effects of desiccation stress history by depositing two layers of tailings of thickness of about 10 cm in a cylindrical column with 25 cm diameter.
Samples were obtained from the bottom layer after varying degrees of desiccation and twelve hours after the next layer was added. These samples were then consolidated and sheared in the simple shear device. Figure 15 presents results of monotonic simple shear tests performed on samples prepared by Daliri et al (2014) 's method under 50 kPa vertical effective stress.
Increasing desiccation stress history leads to increasing degrees of strain hardening, while samples with no desiccation exhibited strain softening behaviour. Figure 16 compares simple shear test results from Daliri et al. (2014) to the drying box results using samples with close to the same stress history, stress state (vertical consolidation pressure of 50 kPa), and void ratio. Drying box tailings exhibit a somewhat stiffer and stronger response than the bench-scale results for strains less than 6%. Drying box tests which have simulated the field processes more closely would presumably be more representative of the true behaviour insitu. The bench-scale tests would then be somewhat conservative for purposes of design. The increased stiffness of the drying box tests may be due to aging mechanisms, or the greater degree of wet-dry cycles experienced in the drying box tests compared to the bench scale tests. Figure 17 summarizes the drying box cyclic tests and compares them with the results of Daliri et al. (2014) . Figure 17 shows similar trends to the monotonic results and shows that the oldest and bottom layer (Layer 1) is the strongest, and that all drying box samples show a somewhat stronger response than the small-scale tests of Daliri et al. (2014) . In the small-scale tests, samples that had been desiccated to the shrinkage limit (18%) and below prior to re-saturation D r a f t 15 exhibited very similar cyclic resistance ratios. The variation in strain hardening at high strains observed in the monotonic tests for different degrees of desiccation does not probably manifest in the cyclic behaviour. The failure criteria in the cyclic tests was a shear strain of 3.75%, while the maximum strain measured in the monotonic tests was between 10% and 11%. In general, the bench-scale data showed somewhat lower strength than drying box data, but not excessively weaker compared to measurements of the drying box samples. The higher strength of the drying box samples might be due to increased number of wet-dry cycles, or some aging process.
For context, it is noted that Wijewickereme et al. (2005) and James et al. (2011) reported cyclic resistance ratio (CRR) of gold tailings, gold-copper and copper gold-zinc tailings somewhat higher than cyclic resistance ratio of the tailings of this study (0.02 ~ 0.1 higher in CRR10). The difference could be attributed to different sample preparation methods, field sampling and aging effects, different density, and differences in the materials properties.
SUMMARY AND CONCLUSIONS
Multilayer deposition of high density gold tailings was simulated by sequentially depositing five layers, each at the pumping water content of 38% GWC, and with layer thicknesses between 0.14 and 0.18 m, in an instrumented drying box with a plan area of 0.7 m by 1 m.
The target water content of the last layer was varied to examine the influence of desiccation of old layers on dewatering of fresh layers. Samples for shear strength testing were obtained by two methods, one by excavating buried tubes, the second by driving thin-walled tubes from the surface.
D r a f t
Conclusions may be divided into two aspects, the dewatering behaviour, and the strength behaviour. Regarding the dewatering behaviour:
• Dewatering behaviour of a given layer could be divided into two phases, distinguished by a change in vertical head gradient between the fresh layer and underlying tailings from downward to upwards.
• The rate of dewatering in Phase I was accelerated if underlying tailings were desaturated.
Capillary forces in the underlying layers would accelerate the self-weight consolidation process.
• The rate of dewatering in Phase II, was decelerated by the presence of underlying tailings. The flow of water in Phase II is reversed, and the underlying tailings, even if partially desaturated, have the capacity to recharge the fresh layer and slow its dewatering.
• This dewatering behaviour was anticipated by the generic modelling published in Simms et al. (2010), based on the methodology developed in Simms et al. (2007) and Fisseha et al. (2010) . Comparisons of drying of the top layer show that the top layer dried faster than the generic predictions. This is reasonable, as the depth of previously deposited tailings in the generic predictions was much thicker than in the drying box.
• The potential influence of cracking in these tests seems to be blunted by the precipitation of salts at crack edges. No signal in the evaporation data due to cracking was detected.
This is in remarkable contrast to similar work on fine grained tailings such as oil sand fine tailings (Innocent-Bernard et al. 2014) , where cracking is integral to evaporation.
In terms of shear strength:
• Shear behaviour of samples obtained by the two types of sampling (extraction of buried tubes, or driving thin-walled tubes into the tailings) was almost identical.
• Monotonic strength and stiffness, and cyclic resistance, were somewhat higher than those obtained by Daliri et al. (2014) , who simulated desiccation stress history in bench-scale samples. This may be due to the increased number of wet-dry cycles experienced by the tailings in the drying box, or some other age-related phenomenon. The first layer gave the strongest response, which could not be explained by its desiccation stress history alone.
• The results of Daliri et al (2014) 
